In this letter, we analyze the ergodic capacity of bidirectional amplify-and-forward relay selection network. The imperfect channel state information (CSI) is taken into account, which includes outdated CSI and channel estimation error, caused by the time-variation of channel and the imperfect channel estimation, respectively. The lower bound of the ergodic capacity for this network is derived in a closed-form, and verified by the Monte-Carlo simulations. Furthermore, the effects of the imperfect CSI and the number of relays on the ergodic capacity are investigated. The results manifest that imperfect CSI will jeopardize the capacity, and increasing the number of relays contributes to enhance the capacity with imperfect CSI.
I. INTRODUCTION
R ECENTLY, bidirectional relay network attracts a lot of interest, because it has better spectral efficiency than conventional one-way relay network when adopting the network coding technique [1] . In addition, the relay selection (RS) technique has been intensively researched in the bidirectional relay network, due to its ability to achieve full diversity with a single relay [1] - [3] . In [1] , [2] , the symbol error rate (SER) of bidirectional RS was derived in a closedform, which verifies that RS can achieve full diversity. The ergodic capacity bound of bidirectional RS was obtained in [3] . Furthermore, imperfect channel state information (CSI) has great impact on the performance of RS, which has been fully studied in one-way relay network, such as the SER analysis [4] , [5] , and the ergodic capacity analysis [6] . However, to the best of the authors' knowledge, most of the previous researches about bidirectional RS assume the CSI is perfect, and the impact of imperfect CSI on the ergodic capacity of bidirectional RS has not been investigated.
In this paper, we analyze the ergodic capacity of RS in bidirectional amplify-and-forward (AF) relay. The imperfect CSI is considered, which includes outdated CSI and channel estimation error, caused by the time-variation of channel and the imperfect channel estimation, respectively. The tight lower Manuscript received December 20, 2012. The associate editor coordinating the review of this letter and approving it for publication was T. J. Lim.
This work was partially supported by the National Nature Science Foundation of China under grant number 61061130561 and 61222104, the Ph.D. bound of the ergodic capacity is derived in a closed-form. Note that the analytical expression is provided under the generalized network structure, i.e., the channel coefficients follow independent but not necessarily identical complexGaussian fading, and the correlation coefficients of imperfect CSI are different for different channels. Finally, MonteCarlo simulations verify that the analytical expression matches tightly with the simulation results. The results also reveal that imperfect CSI will lower the capacity, and increasing the number of relays contributes to improve the capacity with imperfect CSI.
II. SYSTEM MODEL
In this paper, we investigate a generalized bidirectional AF relay network with two sources S j , j = 1, 2, exchanging information through N relays R i , i = 1, . . . , N, where each node is equipped with a single half-duplex antenna. The transmit powers of each source and each relay are denoted by p s and p r , respectively. The direct link between sources does not exist due to the shadowing effect, and the channel coefficients between S j and R i are reciprocal, denoted by h ji . All the channel coefficients are independent complex-Gaussian random variables (RV) with zero mean and variance of σ 2 ji , and these coefficients are constant over the duration of one data block.
The whole procedure of bidirectional AF RS is divided into two parts periodically: relay selection and data transmission. At the relay selection instant, the central unit, i.e., S j , selects the best relay according to the predefined RS scheme, which will be discussed in the following subsection. At the data transmission instant, only the selected relay is used for transmission, and other relays keep idle until the next relay selection instant comes.
A. Imperfect CSI Model
Due to the time-variation of channel, the channel at the date transmission instant h ji (τ + τ ) is quite different from that at the relay selection instant h ji (τ ), and their relationship is modeled by [4] 
where ε ji is an independent identically distributed RV with h ji (τ ); the correlation coefficient ρ fji = J 0 2πf dji τ , where J 0 (·) stands for the zeroth order Bessel function [8] , f dji is the Doppler spread, τ is the time delay, and f dji τ = 0 means the CSI is not outdated.
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The channel estimation error is also considered in this paper, and the channel h ji and its estimateĥ ji are related by [5] h ji =ĥ ji + e ji (2) whereĥ ji and the estimation error e ji follow independent zero-mean complex-Gaussian distributions with variances of σ 2 ji and σ 2 eji , respectively, and σ 2 eji = 0 means no estimation error.
B. Instantaneous Received SINR at the Sources
Considering the transmission via R i , the data transmission of bidirectional AF relay is divided into two phases.
During the first phase, the sources simultaneously send their respective information to
, s j denotes the modulated symbols transmitted by S j with the average power normalized, and n ri is the additive white Gaussian noise (AWGN) at R i , which has zero mean and variance of σ 2 n . During the second phase, R i amplifies and forwards the received signal back to the sources. The signal generated by 
where
C. Relay Selection Scheme with Imperfect CSI
The ergodic capacity of the bidirectional RS is [3]
where k in the index of the selected relay, γ jk can be obtained by (3) , and the pre-log factor 1/2 means that the transmission of one data block from one source to the other occupies two phases.
To maximize the ergodic capacity, the optimal RS scheme is [3] 
However,ĥ ji (τ + τ ) is unknown at the relay selection instant, due to the time-variation of channel (1) . Therefore, the RS scheme with imperfect CSI should be obtained by replacingĥ ji (τ + τ ) in (5) with the imperfect channel at the relay selection instantĥ ji (τ ), i.e.,
For simplicity, we denoteĥ s,ji =ĥ ji τ , andγ s,ji = |ĥ s,ji | 2 .
III. ERGODIC CAPACITY ANALYSIS
To analyze the ergodic capacity of bidirectional AF RS, the distribution function ofγ t,jk = ĥ jk (τ + τ ) 2 in (3) need to be obtained first.
Lemma 1: According to the RS scheme (6) and the relationship betweenĥ t,ji andĥ s,ji [5] , the probability density function (PDF) ofγ t,jk is expressed as
In addition, 
The derivation is given in Appendix A. Before deriving the capacity, we introduce the equation in Lemma 2, which is useful for the further analysis.
Lemma 2:
where ϕ (a, b)
4.337], and E 1 (x) is the exponential integral function [8] . Proof: Lemma 2 can be achieved by applying the integration by part, and then discussing under the situations that p = q and p = q. Proposition 1 : Applying the Lemmas 1 and 2, the ergodic capacity of bidirectional AF RS with imperfect CSI is
where T j and T j+2 , j = 1, 2, are provided in (12) and (13), respectively. In addition, m =ψ s /ψ s , and n = ψ s +ψ r /ψ r . ξ j and ζ j can be obtained by ξ j and ζ j , respectively, by substituting i, l, A t in (8) and (9) with i , l , A t , respectively, and {j, j} = {1, 2} or {2, 1}. Note that for the symmetric network structure, i.e., σ
, l∈At = t, and l∈A t = t , and thus the expression of capacity in Proposition 1 can be further simplified for the symmetric network.
Proof: The derivation is given in Appendix B. 
IV. SIMULATION RESULTS AND DISCUSSION
In this section, Monte-Carlo simulations are provided to validate the preceding analysis and to highlight the performance of bidirectional AF RS with imperfect CSI. Without loss of generality, the sources and the relays are assumed to have the same transmit powers, i.e., p s = p r = P 0 . The network structure is assumed to be symmetric, i.e., σ Fig. 1 presents the impact of imperfect CSI on the ergodic capacity when the number of relays N = 4. The x-axis is the signal-to-noise ratio, i.e., SNR = P 0 /σ 2 n , and the imperfect estimation is considered, i.e., the variance of estimation error σ 2 eji = σ 2 n /P 0 [7] . Different lines are provided with different f d τ , where larger f d τ means CSI is outdated more severely than smaller f d τ , and f d τ = 0 means CSI is not outdated. The figure verifies the accuracy of Proposition 1 that in low SNR, there exists little gap between the analysis and the simulation, because a positive constant is added in the denominator of (15); in high SNR, the analytical expression is tight enough with the simulation, because the effect of the constant can be ignored in high SNR, as the SER analysis in [2] . We also observe that the ergodic capacity degrades once CSI is outdated, e.g., the performance loss between f d τ = 0.2 and f d τ = 0 is about 3 dB in high SNR, and more severely outdated CSI results in greater performance loss, although outdated CSI has no impact on the multiplexing gain. Fig. 2 investigates the impact of f d τ on the ergodic capacity when SNR = 14, 17, and 20 dB, and the number of relays N = 2, 3, and 4. The channel estimation is assumed to be perfect, i.e., σ 2 eji = 0. As the figure reveals, all the curves of capacity degrade as f d τ increases, regardless of SNR and the number of relays N . For instance, the capacity of SNR = 20 dB and N = 3 is about 5 bps/Hz, when f d τ = 0, and it degrades to 4 bps/Hz when f d τ = 0.3. Fig. 3 investigates the effect of N on the ergodic capacity when SNR = 18 and 10 dB, and f d τ = 0, 0.1, 0.2, and 0.3. The channel estimation is assumed to be perfect, i.e., σ 2 eji = 0. From this figure, we find that when the CSI is slightly outdated, increasing the number of relays can significantly enhance the ergodic capacity. For instance, for the curve of f d τ = 0.1 and SNR = 18 dB, the capacity is about 3.5 bps/Hz when N = 1, and it increases to 5 bps/Hz when N = 19. However, when the CSI is severely outdated, the RS scheme (6) behaves as random selection. For instance, for the curve of f d τ = 0.3 and SNR = 18 dB, the ergodic capacity is still about 3.5 bps/Hz, even if the number of relays 
V. CONCLUSIONS
The impact of imperfect CSI on the ergodic capacity of bidirectional AF RS has been investigated in this paper. The tight lower bound of ergodic capacity is derived in a closedform and verified by simulations. The results reveal that imperfect CSI will jeopardize the capacity of bidirectional RS network, and increasing the number of relays contributes to enhance the capacity with imperfect CSI.
The PDF ofγ t,1k can be expressed as (3), (a) is achieved by adding the constant mn − c in the denominator of (15), which has little effect on the performance, as the SER analysis [2] . Applying the logarithmic and expectation operations, the capacity of (15) 
